An anomalous magnetoresistance peak is observed within the lowest Landau level ͑ =1͒ of a twodimensional hole system on ͑110͒ GaAs. We interpret this peak as the transport signature of a ±3 / 2 spinreversal level anticrossing in the lowest Landau level. Temperature dependence of the peak height is consistent with thermal activation across an anticrossing gap. Persistent photoconductivity controllably shifts the peak to lower magnetic field by several tesla. Self-consistent calculations of the valence band mixing beyond the usual axial approximation allow the anticrossing magnetic field, anticrossing gap, and spin polarization to be evaluated as a function of average confinement electric field ͗E͘. The confinement ͗E͘ necessary to explain the observed peak positions before and after illumination is consistent with a dilute photocharging of the substrate. Landau levels ͑LL͒ with opposite spin can cross in a magnetic field B. Electron spin level crossings only occur at filling factors ജ 2 for the integer quantum Hall effect, 1-4 and at composite fermion filling * ജ 2 for the fractional quantum Hall effect, 5 meaning at least one low-lying level of electrons ͑IQH͒ or composite fermions ͑FQH͒ keeps its polarization at the crossing. Only in two-dimensional ͑2D͒ hole systems can the crossing occur at filling factor = 1, whereby the entire spin population reverses sign. In the GaAs valence band, a magnetic field B mixes the heavy hole ͑HH, spin z component ±3 / 2͒ and light hole ͑LH, ±1 / 2͒ states so that the energies of the hole LLs depend nonlinearly on B ͑Refs. 6 and 7͒ inducing such a crossing when B is entirely perpendicular. In the presence of a weak coupling between the coincident LLs, this coincidence becomes an anticrossing.
Landau levels ͑LL͒ with opposite spin can cross in a magnetic field B. Electron spin level crossings only occur at filling factors ജ 2 for the integer quantum Hall effect, [1] [2] [3] [4] and at composite fermion filling * ജ 2 for the fractional quantum Hall effect, 5 meaning at least one low-lying level of electrons ͑IQH͒ or composite fermions ͑FQH͒ keeps its polarization at the crossing. Only in two-dimensional ͑2D͒ hole systems can the crossing occur at filling factor = 1, whereby the entire spin population reverses sign. In the GaAs valence band, a magnetic field B mixes the heavy hole ͑HH, spin z component ±3 / 2͒ and light hole ͑LH, ±1 / 2͒ states so that the energies of the hole LLs depend nonlinearly on B ͑Refs. 6 and 7͒ inducing such a crossing when B is entirely perpendicular. In the presence of a weak coupling between the coincident LLs, this coincidence becomes an anticrossing.
Previous evidence of the = 1 hole level crossing was restricted to optical measurements of photoluminescence 8 and cyclotron resonance, [9] [10] [11] [12] which indirectly measure the crossing by observing a change in selection rules. Such experiments, however, cannot distinguish between crossing or anticrossing of levels since the gap energy cannot be measured. 12 Growth of high-mobility two-dimensional holes has enjoyed a resurgence of interest [13] [14] [15] [16] partly because the strong spin-orbit coupling allows spin effects to be studied in nanostructures. The large effective hole mass also increases the role of Coulomb interactions in 2D single- 17, 18 and double-layer systems, 19 making it important to understand spin-related valence band effects in the lowest LL to distinguish them from interaction effects.
Here we show transport evidence of an anticrossing within the lowest LL whose position in B is tunable with illumination. An anomalous resistance peak occurs within the filling factor = 1 minimum in a 2D hole system in ͑110͒ oriented GaAs. The peak position depends on illumination history, and the peak height shows thermally activated behavior. By performing calculations based on exact numerical diagonalization of the full Hamiltonian beyond the usual axial approximation we predict an anticrossing between lowest Landau levels of opposite spin whose position in B is strongly influenced by the confinement electric field ͗E͘. The experimentally observed peak position B p is consistent with the position of the calculated anticrossing, assuming a persistent photocharging of the substrate. The spin reversal in the ground state is explicitly calculated and shown to switch rapidly from −3 / 2 to +3 / 2 at the anticrossing.
The anticrossing gap and spin polarization cannot be calculated in the axial 6 or cubic 12,20 approximation used previously, 23 but can be obtained only from the full Hamiltonian used here which also includes the tetrahedral terms. Such terms are responsible, for example, for Dresselhaus spin splitting.
FIG. 1. After illumination:
͑a͒ R xx and R xy at T = 320 mK ͑50 mK͒ in black ͑grey͒ for 2D hole system with p ill = 1.34 ϫ 10 11 cm −2 ͑1.40ϫ 10 11 cm −2 ͒. Small peak near = 1 disappears at low temperature. ͑b͒ Self-consistent calculation of LLs assuming substrate field E S ill described in text. Dashed line shows oscillating Fermi energy E F at T = 320 mK. Anticrossing of two lowest LLs coincides with peak within the = 1 minimum. ͑c͒ Average spin ͗S z ͘ in lowest Landau levels shows spin reversal at anticrossing.
The 2D hole system ͑2DHS͒ under study is a modulationdoped single-interface heterostructure on ͑110͒ oriented GaAs using Si as an acceptor. The structural and growth details are reported elsewhere. 16 Four-terminal transport measurements are performed on a Hall bar with ac frequencies between 10-30 Hz and currents between 10-200 nA. The density is tuned continuously with a thermally evaporated Al gate on top of the Hall bar. The density can also be changed with persistent photoconductivity via back-side illumination with an infrared light-emitting diode ͑LED͒. Maximum mobility after gating is = 125 000 cm 2 / V s at a density p = 2.4ϫ 10 11 cm −2 .
21
Above about 300 mK an anomalous peak appears within the = 1 minimum of the longitudinal resistance, whose position depends on the illumination history of the sample but not on the front-gate voltage. Superscripts will distinguish the two principal illumination states presented here, the dark state ͑dk͒ and post-illumination state ͑ill͒. Figure 1͑a͒ shows the longitudinal R xx and transverse R xy resistance at 320 mK after illumination, with the density p ill = 1.34ϫ 10 11 cm −2 chosen such that the anomalous peak sits in the center of the = 1 minimum. The peak position B p ill = 5.6 T is reproducible in subsequent cooldowns and does not show any hysteresis, and the peak completely disappears in the 50 mK low temperature trace. Figure 2 shows that the peak position does not depend on the front-gate bias. The front-gate voltage tunes the density from p = 1.07 to 1.78ϫ 10 11 cm −2 shifting R xx features strongly to the right yet leaving the peak position B p ill = 5.6 T practically unaffected ͑bold lines͒. In contrast, the illumination state of the sample seems to strongly influence the peak position. In the dark before illumination Fig. 3 shows how the peak occurs at B p dk = 7.2 T for p dk = 1.74ϫ 10 11 cm −2 . Varying the density in the dark via the front gate once again has no effect on the peak position ͑not shown͒. Note that an equivalent density to Fig. 3 is reached in Fig. 2 at V G = −0.5 V, confirming that the illumination history and not density determines the peak shift.
The temperature dependence of the dark state R xx within the = 1 QH minimum is shown in Fig. 3͑b͒ from 400 to 800 mK. Arrhenius plots for the R xx peak maxima ͑͒ and neighboring values within =1 ͑᭞, ᭺͒ are shown in Fig.  3͑a͒ . The observed temperature dependence can be interpreted as activated conduction:
with a gap energy ⌬ proportional to the downward slopes in Fig. 3͑a͒ . At the center of the 7.2 T peak, the dark squares yield ⌬ dk = 250 eV. In standard QH activated conduction, the activation energy ⌬ is maximal at the central filling factor and smaller at neighboring , but the Arrhenius plot of Fig. 3͑a͒ shows that the central =1 ͑where the peak occurs͒ has a smaller activation gap than at higher or lower fields ͑336 eV and 314 eV, respectively͒. This behavior is the first suggestion that an anticrossing gap at = 1 may be the cause of the resistance peak. The same analysis for the illuminated condition yields a gap at B p ill = 5.6 T of ⌬ ill = 105 eV.
To understand these experimental results, we performed numerical calculations of the 2D hole system based on the methods discussed in Ref. 7 . We first determine the Hartree potential self-consistently at B =0 ͓Figs. 4͑a͒-4͑c͔͒, then we obtain the LLs as a function of B ͓Figs. 4͑d͒-4͑f͔͒, defining E = 0 in all figures as the 2D ground energy. For these calculations we use a multiband Hamiltonian that contains the bands ⌫ 6 c , ⌫ 8 v , and ⌫ 7 v , and all terms of cubic and tetrahedral symmetry characteristic of the ͑110͒ growth facet are included. The hole densities in the calculation correspond either to the gated dark density p dk of Fig. 3 or to the gated postillumination density p ill of Fig. 1 . In Figs. 4͑d͒-4͑f͒ , the lowest index hole LLs anticross at the fields indicated with arrows.
The anticrossing field is determined by the interplay of HH-LH coupling, spin-orbit coupling ͑Rashba and Dressel- ͑320 mK͒. ͑a͒ Arrhenius plot of temperature dependent R xx at anomalous peak ͑͒ and neighboring values ͑᭞, ᭺͒. ͑b͒ Temperature dependence ͑400 mKϽ T Ͻ 800 mK͒ of R xx corresponding to inset ͑a͒, with the upwards arrow indicating increasing T.
haus terms͒, and the Zeeman term. The first two effects depend on the average confinement electric field ͗E͘ seen by the 2D holes in the triangular potential
where E S is the substrate electric field. Figures 4͑a͒ and 4͑d͒ correspond to the case E S =0.
In p-type ͑110͒ growth, however, persistent photoconductivity 16 has been attributed to an illuminationdependent charge state in the underlying buffer layer, whose positive space charge comes from a depleted n-type background doping N D ϳ 10 15 cm −3 . 22 This results in an illumination-dependent substrate electric field E S = ͑e / ⑀ r ⑀ 0 ͒͐ ͗z͘ ᐉ N D dz seen by the 2D holes, where ͗z͘ is the center of the hole charge density and ᐉ is the thickness of the space charge layer. The anticrossing calculations can provide a reasonable explanation for the observed peak positions if we treat E S as the sole fit parameter in the problem. By choosing E S ill = 14.7 kV/ cm and E S dk = 24.1 kV/ cm in Figs. 4͑b͒ and 4͑c͒, we can match the experimentally observed peak positions at B p ill = 5.6 T and B p dk = 7.2 T with the calculated anticrossing positions in Figs. 4͑e͒ and 4͑f͒ . These E S correspond to realistic background charge densities N D ill = 6.0ϫ 10 14 cm −3 and N D dk = 1.6ϫ 10 15 cm −3 , respectively. The resulting ͗E͘ values from Eq. ͑2͒ are listed in the figure. Both E S ill and E S dk are consistent with values obtained from an independent analysis of zero-B spin splitting from Shubnikov-de Haas oscillations. The relative field strength E S ill Ͻ E S dk is consistent with the observed persistent photoconductivity.
Equation ͑2͒ also explains why the peak position depends only weakly on the density p ͑Fig. 2͒. The average total field in the well deduced from the above analysis ͗E͘ = 38.8 kV/ cm, dark ͑26.0 kV/ cm, ill.͒ is an order of magnitude larger than the change in the field needed to tune the whole density range in Fig. 2 , ⌬͗E͘ = ± 2.5 kV/ cm. Our calculations predict that B p changes by only 0.2 T when p is varied over this range, and careful inspection of Fig. 2 con- firms that the peak position shifts only slightly to the right with increasing density.
The anticrossing gap cannot be calculated in the axial or cubic approximation used previously, 23 but can be calculated using the techniques reported here. The resulting gap values of 21 V for Fig. 4͑e͒ and 41 V for Fig. 4͑f͒ are about a factor of 5 smaller than the measured activated gaps ⌬ ill and ⌬ dk , respectively. Exchange interactions have been ignored in our calculations and might contribute to the larger experimentally observed gap. The relevance of interactions can be estimated from the Coulomb interaction energy scale ⌬ C = e 2 /4⑀ r ⑀ 0 l B Ӎ 11 meV set by the magnetic length l B 2 = ប / eB at = 1. In 2D interacting systems, experiments typically show interaction energies of a few percent of ⌬ C indicating that interactions could realistically explain the observed gaps in this system. Our calculations can determine the spin polarization of the system, and illustrate the remarkable ground-state spin reversal at the anticrossing. Figure 1͑c͒ shows the expectation value of the z component of the spin operator, ͗S z ͘, for the two lowest LLs. Away from the anticrossing, these LLs are almost pure HH LLs with average spin ͗S z ͘ close to +3 / 2 or −3 / 2. At the anticrossing, the spin expectations ͗S z ͘ of these two levels reverse from ±3 / 2 to ϯ3 / 2 over a small ϳ1 T range.
In summary, we observed an anomalous R xx peak in 2D hole systems on ͑110͒ oriented GaAs whose position is tunable with illumination. The peak shows activated behavior whose gap value is reported. Numerical calculations of the Landau levels can consistently explain the experimental peak position with a lowest level anticrossing. We propose that the spin reversal which occurs at the anticrossing will be an interesting subject for future investigations of spin control. Such a spin reversal in the lowest LL may also be relevant to investigations of the lowest LL at fractional filling factors on different facets. 17 This work was supported by the DFG via Schwerpunktprogramm Quanten-Hall-Systeme. The authors are grateful to K. Neumaier for assisting with low-temperature measurements, and G. Abstreiter for discussions and continued support. FIG. 4 . Hartree potentials and charge density ͑z͒ for 2DHS with density p ill = 1.34ϫ 10 11 cm −2 assuming ͑a͒ no substrate electric field, and ͑b͒ a substrate field whose 5.6 T anticrossing is consistent with the postillumination peak position. ͑c͒ The substrate field and density p dk = 1.74ϫ 10 11 cm −2 match the dark condition, producing an anticrossing at 7.2 T for the density p dk = 1.74ϫ 10 11 cm −2 . Corresponding Landau fans ͑d͒-͑f͒. The 2D ground energy at B = 0 is defined as E =0.
